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RESEARCH MffiQRANEOM 

THE EFFECT OF HIGH SOLIDITY ON EROPELLM CHARACTERISTICS 

AT;ETGH FOBWffiD SPEEDS FROM WIND-TÖNNEL TESTS OF THE 

,  • NACA k~(3) (06 .3 ) -0.6 AND NACA k' (3 } (06 A) -09 

;   TWO-BLAlE PROPELLERS • 

By James B. Delano 

....;_:• ^SUMMARY 

Tests.of. two-blade propellers having the NACA 4-(3) (06.3)-c6 
and HACA 4-(3){o6.k)-09 blade designs ("blade activity factors of 
179 and 265,'respectively) nave been made in the Langley 8-foot 
high-speed tunnel through a range of "blade angle from 20° to 7O0 

for free-stream. Mach numbers from. 0 .165 to 0*725 "to determine 
the effects of high solidity and compressibility on propeller 
characteristics. The tests are part of a general investigation 
of propellers at high forward speed3» Beaults previously reported 
for similar tests of two-blade propellerB having the NACA 4-308-O3 
and NACA ^-308-0^5 blade designs (blade activity factors of 87 
and I33, respectively) are ineluded'for comparison". 

The results showed that the 0.06- and 0 .09-solidity blades, 
although producing efficiencies of the order of 90 percent, were 
less.efficient than blades of conventional solidity. The variation 
in average blade lift coefficient with solidity at a constant blade 
angle and advance-diameter ratio -through the speed range of these 
tests was found to be analogous to the variation of wing lift 
coefficient with aspect ratio, indicating that high-solidity blades 
may be desirable at very high speeds. Because of power limitations 
of the test equipment, conclusive evidence of the possible favorable 
effects of increased blade solidity at high speeds was not obtained. 
Further teats are desirable. •• 

iNTOonjcnoff 

The NACA. has conducted in the Langley 8-foot high-speed tunnel 
a general »Urvestigation of propellers operating at high forward 
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speeds and high rotational tip speeds In an attempt to improve 
propeller performance. Besults of this investigation covering 
the effects of compressibility, solidity, and camber are presented 
in references 1, 2, and 3 as parts I, II, and III of this general 
investigation. 

In addition to the propellers already tested, two rarj bigh- 
aolidity two-"blade propellers with thinner outboard sections were 
tested at the same time. The results were not included in 
the report on "effects of compressibility and solidity," reference 2, 
because speed and power limitations prevonted reaching conditions 
at which the adverse effects of compressibility occur. However, 
in light of the favorable high-speed results obtained with wings 
of low aspect ratio It was believed that the results of the 
investigation of very wide blade propellers would be of interest. 
The blade solidity for one propeller was 0.06 (design blade angle 
approximately ^5°) and for the other propeller it was 0.09 
(design blade angle approximately 6o°) . These solidities are 
roughly two and three times those of conventional width blades. 

The results of this investigation are presented herein as 
the fourth part of the general investigation of propellers at 
high speeds. 

APPARATUS AND METHODS 

Tho apparatus and methods described in reference 1 were used 
in the tests reported here. The tests were conducted in the 
Langley 8-foot high-speed tunnel. A photograph showing the model 
setup is" given as figure 1. 

Model propellers.- Two 2-blade propellers of k-foot diameter 
utilizing NACA 16-series sections were designed.having the blade- 
form characteristics shown in figure 2. These propellers are 
designated as the NACA i-(3) (06.3)-06 and h-(3)(06 .k)-09 propellers 
having activity factors of 179 and 265 per blade, respectively. 
The system of designation is explained in reference 3. Both 
propellers have essentially the same thickness ratio. A photograph 
of the blades is given in figure 3 . The NACA 4-(3)(06.3)-06 
propeller has the same pitch distribution as the NACA propellers 
described in references 1 to 3 . The propellers were designed to 
give minimum induced losses assuming the blades to be lightly 
loaded. The design conditions for these propellers are given 
as follows: 
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Tip Mach number 

Lift coefficient at 
0-7-radius station 

Advance-diameter ratio 

Nominal design "blade 
angle at 0.7-radius 
station 

BACA M3)(O6.3)-06 

0,92 

0.3 

2.11 

*5° 

HA.CA h-(3)(06.k)-O9 

0.95 

0.3 

3.70 

6oc 

The NACA 4-308-03 and lt--308~ok5 propellers, references 1 and 2, 
hare the same design conditions as listed above for the 
HACA 4-(3)(06.3)-06 propeller. 

The range of tests -was the same, -within speed and pover 
limitations, as those of references 1 to 3. The range of "blade 
angle and free-stream Mach number is given below: 

HACA k-(3)(06.3)-06 EBOEELEER 

3Tree-stream 
Mach number, M 

Blade angle at 0.75-radius station, 
ß0.75R 
(deg) 

O.I65 20 25 30 35 ko ^5 50 
1 

55! 60 

•23 30 35 ko M-5 50 55 60 

•35 35 ko ^5 50 55 60 

A3 ko 4.5 50 55 60 

»53 h5 50 55 60 

.60 50 55 60 

• 65 m 50 55 60 

-675 55 60 

.700 1 ... . [55 60 
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NACA M3)(06.1*)-09 HtQFRTiT.TR 
• 

Free-stream 
Mach nmber, M 

Blade angle at 0.75"radius station, 
ß0.75R 

(deg) 

0.165 20 £5 I30 35 UO *5 50 55 60 65 70 

.23 30 35 1«) ^5 50 55 60 65 70 

•35 ^5 50 55 60 65 70 

•^3 5P 55 60 65 70 

•53 • .55 60 65 70 

.60 60 65 70 

•65 , • 60 65 70 

.675 60 65 70 

.700 . 65 70 

.725 
••  •• . 

65 70 

SYMBOLS AKD REDUCTION OF BATA 

The data hare "been corrected for tunnel-wall effects, horizontal 
buoyanc.7, and blowerr-spinner effects in the same manner as the data 
in references 1 to 3. The torust. used is propulsive thrust. The 
sysnbols and definitions usod herein are as follows: 

A. F. propeller activity factor 

B number of.blades 

b blade width, feet 

b/D section "blade vidth ratio 

Cj, secfcion lift coefficient; wing lift coefficient 

Cjjj section design lift coefficient 
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(L average lift coefficient for propeller (see reference 6) 

Cp power coefficient f ———\ 
y pnßrfij 

Cm thrust coefficient / —3^—1 
^ V pu%V 
D propeller diameter, feet 

h "blade section iratxtTmiim thickness, feet 

h/b blade section thicSness ratio 

*T advance-diameter ratio (v/nD) 

M • free-stream Mäch number 

M{. helical tip Mach number Mt/l + (£\2 

n propeller rotational speed, rps 

P power, foot pounds per second 

E propeller tip radius, feet 

r radius to a blade element, feet 

IP thrust, pounds . 

T free-stream Telocity, fps 

x blade station, r/R 

ß section blade angle, degrees 

^0.75R   blade angle at 0.75"Radius station, degrees 

r\ propeller efficiency ( -3L- ) 

p air density, slugs per cubic foot 

a solidity /-SLY value at 0 «7-radius station is used herein 
(aw) 
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Subscript! 

i   refers to conditions at maxima» efficiency for Mj. * 0.25 

EESOEPS AND ECSCUSSIGHS 

The basic characteristics of the two-blade NACA U-(3)(o6«3}-o6 
and k-($)(06*h)-09 propellers are presented in figures k and 5, 
respectively. Curves of the resultant tip Mach number M^ are 

also shown in the same figures. 

Maximum efficiency.- The envelope efficiencies for "both 
propellers are presented in figure 6 for free-stream Mach numbers 
from O.I65 to O.725. For comparison, results are also shown for 
the NACA *t--308-03 and iv-308-0li-5 propellers, references 1" and 2. 
Maximum efficiencies of over 90 percent were obtained for blade 
solidities above 0.0U5. However, the maximum efficiencies for 
the 0.09-solidity blade-are always lower, and for the 0.o6-solidity 
blade generally lower, than those for the 0.03. and 0»Ol4-5-solidity 
blades throughout the speed range. "Far the low range of advance- 
diameter ratio the 0.o6-solidity blade produced efficiencies as 
much as 3 percent higher than those for the 0.09-solidity blade 
for free-stream Mach numbers through 0.35« At the.higher values 
of Mach number and advance-diameter ratio the efficiencies yere 
as much as 6 percent higher for the 0.06-solidity blade, the 
differences decreasing at the very high values of advance-diameter 
ratio. This difference in efficiency is attributed to the more 
favorable pitch distribution of the 0.09-solidity "blade for the 
higher pitch range. 

Of particular interest are the high values of. maximum 
efficiency, above 90 percent, which have been obtained in this 
investigation and those reported in references 1 to 3. These 
results are due to the detailed attention given to the design 
of the propellers and to the test setup * These details include the 
following: -..••••'•" 

(a) The design was made to give minimum Induced losses for 
light loadings. 

(b) The blade shank sections were thin. 

(c) High critical speed NACA l6-series sections were used 
throughout. 
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(&) Manufacturing tolerances were kept small. 

(e) The gaps "between the spinner and Tblades were sealed. 

(f ) Test speeds were kept "below the critical speeds of test 
"body and supports. 

!Tuft surveys over the test "body and supports gave no indication 
of flow separation with or without the propeller. 

'Those high, efficiencies indicate a reduction in the rotational 
losses associated with an isolated propeller. Che induced efficiency 
losses for operation at the design conditions for these propellers 
in an isolated configuration are shown in'figure 7 plotted against 
"blade solidity» The rotational induced loss at the design condition 
is 7 percent for the 0.09-solidity "blade propeller (J = 3«7)J and 
2.9 percent for the 0.06-solidity blade propeller (J = 2.11). 
Possibly the dynamometer supports (20-inch chord) used in this 
investigation were effective in converting rotational energy into 
thrust. Betz shows theoretically in reference k   that the use of 
contra-vanes of optimum design for a test setup such as used in 
this investigation Blight convert into thrust 60 to 80 percent of 
the rotational energy normally lost. Calculations of the drag 
power loss for the design conditions of these propellers show 
that, if about 50 percent of the rotational energy were recovered, • 
the measured and calculated efficiencies would be in excellent 
agreement. Eef erence 5 shows that approximately 50- percent of the 
rotational energy can "be recovered« 

Effect of blade solidity on -power coefficient and T>owsr 
coefficient-solidity ratio for high efficiency.- The range of 
power coefficient and power coefficient-solidity ratio for which 
high efficiencies are possible is illustrated in figure 8 againBt 
advance -diameter ratio and blade solidity. An efficiency contour 
of 86 percent for each propeller was arbitrarily chosen. The 
value of the power coefficient or power coefficient-solidity ratio 
within the efficiency contour corresponds to efficiencies above 
86 percent/ the values for maximum efficiency are also shown. 
Changes in free-stream Mach number had no great effect upon the 
contours; hence only the results for M = 0.165 are presented» 
High-solidity blades operate at higher power coefficients than 
low-solidity blades, figure 8(a), but the increase in power 
coefficient is not in direct proportion to the increase in "blade 
solidity» At low values of advance-diameter ratio the change in 
power coefficient is approximately the same for all the blades, 
whereas at the high advance-diameter ratios the change in power 
coefficient for the 0.09-soliaity blade Is approximately only double 
that for the 0.03-solidity blade. 
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Figure 8(h) shows that low-solldlty "blades produce higher power 
coefficients per unit of "blade solidity than hi££i-Bolidity "bladee. 
At low values of advance-diameter ratio the change in power coefficient- 
solidity ratio for the 0*03-solidity blade is about three times 
that for the 0.09-soiidity "blade; whereas at the high advance- 
diameter ratios the change for the 0.03-solidlty blade is about 

li times that for the 0.09-solidlty "blade. Because of the fact 

that in theee tests of two-blade propellers the local induced 
velocities were much greater for the high-solidity "blades it ie 
not posBible to draw a definite conclusion that a propeller with 
many narrow blades is superior to one of equal total solidity 
having few wide blades» Additional tests are needed to establish 
definitely the interrelation of number of blades and total solidity • 

' Effect,of •power coefficient and advance-diameter ratio on 
efficiency.'- The variation of efficiency with power coefficient is 
shown in figure 9 for several values of advance -diameter ratio for 
a Mach number of O.165. Blades of hi^b solidity are more sfficient 
than blades of low solidity at high power coefficients as would be 
expected because the blades of low solidity would be stalled. 
Conversely, blades of low solidity are more efficient than blades of 
high solidity at low power coefficients because blades of high 
solidity would be too lightly loaded. The higher efficiencies 
shown for the 0.0^5-solidity blade compared to the 0.03-solldity 
blade even at low values of power coefficient and advance-diameter 
ratio are within experimental accuracy. 

Figure 10 has been plotted from figure 9 to show the approximate 
operating range in which a blade of given solidity is more efficient 
than any other.blade» These curves should be considered generally 
to give only a qualitative comparison. The region in which a given 
two-hlade propeller is the most efficient one is indicated by its 
blade-solidity designation. Ho line representing the upper limit 
is shown for the 0.09-eolidity blade because ho higher solidity 
blades were testedt 

Compressibility effects. - A comparison of the relative maximum 
efficiencies versus tip Mach number and free-stream Mach number for 
the approximate design blade angle is shown in figure 11 for both 
propellers. Ho adverse compressibility effects occurred for the 
0.06-Bolldity blade at least up to a tip Mach number of 0.93« 
Similar results were obtained for the HÄCA lt-308-ofe5 propeller, 
reference 2. For the 0.09-solidlty "blade>losses in maximum 
efficiency started at tip JMach numbers as low as 0»55 and increased 
gradually with an increase in speed so that at a tip Mach number of 
approximately 0.90 the loss in maximum efficiency was 5 percent. 
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At a given tip Mach number for the operating conditions shown 
in figure 11, the resultant section speeds, particularly at the 
inboard sections, are highest for the 0.09-solidity "blade. Conse- 
quently earlier compressibility losses at the shank sections would 
be expected for this'blade. Computation of the section speeds 
Indicates that for free-stream Mach numbers where the efficiency 
curve for the 0.09-solidity blade diverges, no adverse compressi- 
bility effects should be expected to occur but that such effects 
would be expected to occur at the shank sections for free-stream 
Mach numbers between O.65 and 0.675. It is estimated that the 
effect of the small leading edge fairing at the shank sections 
of this blade (see fig» l) and any detrimental effect due to air 
leakage between spinner and blades (if such leakage occurred) 
would result in an efficiency loss of not more than l to. 
2 percent Consequently, It Is believed that the efficiency losses 
that occur are primarily due to the use of very wide blades. 

The effect of conspresslblllty on the power coefficient for 
maximum efficiency at the design "blade angle and advance-diameter 
ratio for each propeller is shown, in figure 12 as plots of relative 
power coefficient versus tip Mach number. These conditions approxi- 
mate very closely the conditions for which the maxi muni efficiencies 
were presented in figure H« The rate of increase in power coeffi- 
cient with Mach number decreases with increase in blade solidity. 

A comparison of the average lift coefficient for propellers 
and wings through the speed range is shown In figure 13. The. 
average lift coefficients for the propellers were computed using 
the method presented in reference 6, and are for the design blade 
angle and advance-diameter ratio for each propeller« The lift 
coefficients for wings of different aspect ratio were obtained 
from tests made in the Langley 2lt-inch high-speed tunnel. The 
effects in both cases are very similar. As the propeller blade 
width is increased (aspect ratio decreased) the magnitude of the 
changes decreases and the onset of adverse- compressibility effects 
Is delayed as is shown for the BÄCA t-308-0^5 propeller. Based 
on the analogy shown between wings and propellers It appears that 
important delays in the onset of adverse compressibility effects 
should occur as the blade width is increased. Power limitations 
of the dynamometer prevented the attainment of sufficient data te 
substantiate this trend and further investigation is needed. 
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CONCLUSIONS 

Very high solidity two-blade propellers' (blade activity- factors 
of 179 and 265) designated the NACA lt-(3)(06.3)-06 and 
NACA h-(3)(06.k)-09 propellers have been tested in the NACA ö-foot 
high-speed tunnel through a range of blade angle from 20° to 70° 
for free-stream Mach numbers from O.165 to O.725. The results of 
these tests and comparisons -with results from previous tests of 
the NACA ^-308-03 and NACA l*-308-pl|-5 propellers indicated the 
following conclusions: 

1. The O.O6- and 0.09-soHdity blades', although producing 
efficiencies of the order of 90 percent, were found to be less 
efficient than blades of conventional solidity. 

2. The variation in average blade lift coefficient with 
solidity at a constant blade angle and advance-diameter ratio 
through the speed range of these tests was found to be analogous 
to the variation in wing lift coefficient with aspect ratio, 
indicating that high-solidity blades may be desirable for use 
at very high speeds. Because of power limitations of the test 
equipment conclusive evidence of the possible favorable effects 

•of increased blade solidity at high speeds was not obtained. 
Further tests are desirable. 

Lan&Ley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va. 
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(a)   NACA 4-(3)(06.4)-09 propeller.        (b)   Shank details for the NACA 4-(3)(06.4)-09 propeller. 

Figure 1.-   Propeller test setup. 
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F/gure 2.,— B/oc/e-form   curves for propellers   fes-red* 
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(a)    NACA 4-(3)(06.3)-06 blade,     (b)    NACA 4-(3)(06.4) -09 blade. 

Figure 3.-   Test blades. 
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Figure4--Characteristics  for the NACA   H$[063)-06     propeller' 
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Figure 4-Continued.  Characteristics for the NA£A  H$(063y06   propelfer. 
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Figure4.-Continued.   Characteristics for the NACA   Hffl63}-Q6   propeller. 

a 
> 

3 o 

CD 

oq 

fr 



J7r-r£8i 

'0    JL A-   A   £    W   lJ>   IA   &   IS CO IX  t* l& 2.8 3JQ 32 M 3& S3 4D. 42 4# 46  43 » SZ M 
, ,K. , Advance "dlamrtkr nttk>,J 
Cd) M=0.43. 

FigureA+Conffnued.  Characteristics for the NACA   4~£ffl&$-06   propeller. 

* 

a. 

g 
Q 
> 

5 « 

CD 



4 T -T-aSfl   1   1   |   |   n   |   I   1   I   II    |   I   r-r-r-i   r-T-1 r-r-i   ,   ,   , 
_1_                                                                                                       -, ~" rr F'l 1 1 1 1 1 1 T 1 f TI 1 1 1 1 1 1 1 1 T'l II :± -im _:£   :   iii _                 ^  :i       : i„              i~~^ .        ,„              ... '                             ,„                    ,..   . ,          „,    a *ro" •'''" JsfJ                                ~                                                         
„I _.         ...,_      

1 
«w" 

fr3. :J;:::         "     "i _ ""' I""-"". 
t \i               ..          ii     "" -••. 

"                          ,       ""                                        vr 

Ctt - s 
v)i                           —                    — 

•? 1     .,                                                 ,   . ,„ 
£' — —..*,.._                        .— —,»«                f\ 
tt__ii„ i   ,i         T~~    :~~ i .   _        _I_                     ° 4t Ti         i _   ± „ _         : 
• • '•' "•       — i • "*" ""* • i- -1 

1                                    4 II         I"       nS       _     _ 
§£fl i L -._Vr-£o-~         - awi            — —"~          ', -•• 

5f.j._                    „                                  ,             , __.,,, ,-I      ,   A/        ": 
K"07" 

Its       i                         _:: in    ~    II=ü    „ 1*5            I"""     1              Civ      —          - 
06- s~ -   IT                ~   i i             lrJs\ 

IT--      I              I               I  Tr                   r~                      ~-   - 
i:t•„              __ ±      :::: £_ __„J?_3A;     I              fo uiO                                                                                                      t~" 

m- 
•"     j      •                                           """'"               "                  - -   -     .             Y; '•' •*\     ~^;\   ""    "^s    " ~    -    • J 
:-r         ____„•          .           n    XLI       i5           ^i                r: 

m- -   _M   _.             •                                                                                                                                                                                                                          •_____. IIIL          I_L              -Li --            JS 
:JL   :_ :_„: it    it       Si: ISj I        K    -_ "AS      -i-      i x       —    „it: _     L_l_     ___Ju-u                       —     _JL__                • __               jj," 108                              v> i  Ilfct    "IJI            -ft—      I — us       :::_       i    i    IIJ _ zit       Si:      IIJII          A «Q/ " 

L                                                        <3 Of 0,75tf = «5"\ SB*!           55^ ['                 '    «/•  V           TT'lM    Q 
0   £    #    £    ß    (O   LZ   /if   /.a   W ÄO tjL £4 Z6 ?j9 30 SJ. M 3&  M -SO *Z *4 •*« A9 &0 ÄZ W 

'I 
I 

Ul 

, , Advmce-dhmmtmf n/t/o,J (e)M*o.53. 
Figure4.-Continued.  Characteristics for the NACA   +$(06$-06  propeller. 

> a 
> 

CO 

«3 



j7r~-&Bt 

J6 —.64 

.15 

J4 

.13 

{jJZ-i}it& 

II 

V M-rn-M 

m 

02. 

.01 

-A3 

-M 

*SL 

[44 

u8 
06-   JZ 

r-i?t-|M 

ä4C 

.05- -S3 

i34 ——. 

..« 

.04 

01-*- 01 

i   i   i 

O   .2    A   S   £ 

ft 

I 
ss i I 

£ 

12> 

I/O : 

.1 

o A 

m 

1 i 
., JSÜB^£M£S^SE3 1 1 I ^snh I   i •   I asm <   i    ^_J_L_IA 

lO  U  \#   IS  IS £a 12. £6 l£ t£ aojjT&fiis^^ 

(f)M=o.6o. 
Figure 4..-Continued.   Characteristics for the NACA   <H&06$06  propeller. 

Ui 

«5? 

> 

o * 

IT1 

CD 



-+/» 
t 

-&\ 

-& 

-JtCt- 

i 
& 

% 

• • i äaiiütU!*5ort\\ I I I ssntK sanT • .0 

\ 

:S 
l 

i** 

cT 8 
§ 

5 
I •••»an 

ESS 

to 

u 

if, 

•Ui 

(9)M*o.e& Adwnca-efhrmTmr rttk>,J 

Figure 4-continued. Characteristics for the NACA   <HW&3H)6  propeilen 

o 
> 

TO 



.17- 

J6- 

JS 

j4-\se 

.13 

ijja 

-41- 

jf 

JO •Si.+O 

1 09-&M 

oe 

tor 

-oo 

.OS 

a* 

as 

JOS. 

at 

-so- 

04 

J2 

\ to 

-£*l 

9 JS   a 
ßofarse* JJ*iu 

I 

JV* 

5 

IIMlftNMn 

tz« 

110 

° Ä 

i&  is  i+  M   ü 735 TO Ö' *« *« *o « *• A« »a <«o W4? «*<s *» JO "5F34 
,. ,„„ Advanc0 "dlamaftr ratio, J 

Figure 4- .-Continued. Character/sties   for the NACA   Hffl&$-06   propeller. 

\ 

io 

3h* 
Ü 

1 
s 

3 

Q 
> 

3 * 

to 



W--.5& 

J3 

1 X39- 

-M 

•fr- 

ee • U-^2 

ff 

Jpfl 

£    A    £    &    \JO 

:£ 

1 

is 

* 

is 
s 

5 Sffi 

a 
> 
O 

«4 > 
sa 

'•V £ 

•fl"S 
• 

5 V 
JS 3 CO 5 f 
A*§ 

H1 

CD 

ij 
on 

/.o 

H*3i 
   0 at- (XTSR'Gsh^ LLLXUigi L-jQ 

A2   Ä?   /.6   /.S   £0   £2   2*  ££   £3   .Jo  .12   A*   .JS   35 40 4£ 44 46  43  40 32 
Advance-diameter ratio, J 

(i)M'0.7oo. 
Hqyre4.-concluded,  characteristics for the NACA  4<$P6frQ6  propeller. 

Dq 

ft 



ß&rrVr 

-diammtmr nrfk>,J 

Figure J.~ Characteristics  for the NACA  H$&64H)9  propel {er. 

K)  7.1 

4 
i 

a 
> 

? 

M 
CO 



> 

o 

I-1 

ß)M*Ö.23. 
ßguns 5-continued. Characteristics for the N/&A  4-0^6.^-09  prope/fer. 

*4 



£1* 
* 
Dl 
O 

'0   2    #   A    .8    «J   «   /#   t«   iS £0 B»«lJJOÜ  a* Ä6  M  ^ 4* ^« « 50 « 5*«  M «It» «2 
Advene*•'dkt/mitmr mfto.J 

ßgumS.-COhf/rfjec/, characteristics for the NACA   H%064jh09 propel/er. 

5 > o 
> 

3 o 

CD 
IT" 
CO 



Q 
> 

Mr-rift 

-it 

J# 

JS6 —r-%5 

£ 
JW~    tf 

M-Al/.l 

JSO- 

4 .W 

.«-I 

.oa 

JA 

+-4S 

•-id 

J4-. 7 

•C-tS — «• 3 

\ 
* 

^ 

a »i   i  jn,ßafa,7SR'm SO'\ j   I   1 S5'^ I   1   |   |   I   I G&^X    , 
"^-^     £6 tl 2.4 26 £a ,ätO £2 id S& 3J8 1& lit 4* *S 

\l 
5 

-\ 

\ 
X 

i, 
ii 5 

* 

* 
SS 

s: 

.Cy-, 
E. 

üSs 
»M 

Z\*\ 

H 

s; 

a. 

2 

s w 

^ 

T 

X 

_j , lae'MlN l    I I I l l l l    UJZSLi»       .% -. 
*s so « s# ä sa ü « tl« d ?y?i w w ii M 

\ 

^ 

N 

N 

5 
:s 

i 

/A 

£ r 

'1 

Rgttre S.-Conf/nued.   chamcferfsffcs for the NACA   +0(O6#-O9    propeller. 

Tk° 

o 

f 

CD 

Hi» 
00 

CJ1 



0 

~5fl „.^^ „ __^—„^ „ __ „. . ._____,, _--« ..— „ .. _ — __...»»     -— «. ^,_ 

'*-„.,    1                                       V     . ,                                                                                                                                                    .                           
^J    i       — :-i.    Illlt_                         •  -           1^r 

. i   > i     j        ,                   .,               ,   ,    ,,  

" a !"! ' '      """"" + "'.:"":         -'".    
gJW uiu:             I                                                             :_.. 

~T          !           j                                               •'                1                                                   m 

zylzztzztzzz^ z ~-~ z x   _     \:__:~"~_i__:   ------+---+- 
J 

1 ;i"^_   "i:::::--   " -L~X          I   Zst± :_:::x:x_:~x" 
*£   M S .                                                                                                          v 
J^ 
«   JK X  >       '                                                                                                                             N • " «S t |           '"                                                               \         \     '     '       •••-- — • 

5 ? ,> i,i „,,„„ ,|    ,                    »/•. .                            cr ...'.. \             , ,,,„„„ . 

Cr     1                           ,                            '\\                                   \           \                 
. t                               - ^                                   \\ .. -  ..                   ,           \              V JO ^    X^XX„.-.~^ -+-      N-s    -:     35-      SmiS-.ZIIII~    ~ _ 
*~x:::iE:s::_^~"*s;r"x   -_o>         ~~ *iZ2Z*j~zj\ZJizzzzz~~ :   .     1            K     '             >.      \    "                   . \\                      " "      vv \ " 

JP6 
•    1.    r H»\U^.-U                                          k          -J                 -                                                     V\t                                          -                                          J_ 1  *X-- ~  r- ~          -                          -- 
,,„!„„* „ i j !\ i 1              J^_L,_ -                  ^    &..                                     v.    ,      \J ..»_.. 

1          •     • .        .   N^ .                      ^vl   •                                «,  :sl                                               <(V      x     <•-'•  
j1" •*  i •     "" '»"<    MI       i ' ""' >*4                         \ i ^                              \ r     v        • — 

0 I'     a oiFtaäv&IK     !    !   «rts    ,               är* \              "r'J'jtW'   "*"  

A« 

to 
! 

U 

'I i 
,  „„ _. Atome*-dam*t*r ntfto,J 
CQ)M'=0.53. 

Figures-continued. Characteristics for the NACA   4tf)lp64r09    propeller. 

> 

m 

IT1 

O 
F 
M 
CD 



a 

-"\ rt 
M *6 

& 

fi-jw-.v* 
-Ü 

\J0 

^ 

JO 

Ml 

M 

M 

& 

b 

1 
51 
- jt 

25 

3,0 S,i  3.4  3A 

11 
R 

i 

>> ss: ;s: 
•=*c :s: 

s 
\fr 

S 

^ s: 

a 
•t* 

ff 

c: 

3fe 

3M 4ß *T*f 4« -M Ä0 S£ J* » M 5.Ö &2 fi# OS 6B  ?X> ft lit W  7JU0UM  " 

X 

S 

'5: 

\ 

& 
N 

X 
* 

a s 
S 

7-0 
J 

COM-0.60. 
Figure S.-Cohtinuecj.  Charaefer/sffcs for the NACA    4$'06d-O9   propeller, 

o 

q» 

to 

Ul 



CJ1 
TO 

.3h-T-Wr 

J2 

.£« 

^6 

d*-* 
- «f-r 
- - h 

^r .22 Hfi u 

%20 

1 .« 
J6 

a .w - g 

iO 

« 

.02 

t: 

j*W" 

fjÖ- 

0 4- 

in N 
HS. 
3 t 

IS 
4fk 

-4 

1 

*? 

-f*- 

-* 

\ 

T 

\ 

\ 

bt I  1  I  I ß  at Q.7SRVfiO'HX I  I  1 I  I  I  I  I  I 65-11 | M  I  i  I  I  I  1  I  I  I  I  I  TOTAL I  1\|   I  I  I  I  I  I  | 
3D 32  M 3*  3S 4J0 42 44 4& 46 SO S2 &f S£ S£ SO 62 Srf 6& 6£  7,0 ?.Z  74  7J&   lä  Sß tU &* 

Advance -dfarrmtmr r#tfo,J 
(<3)M=0.6S. 

Figure S.-Continued- Characteristics for the NACA    4-$(064}-Q9   propeller. 

no 

't 
'A 
A 

> 
O 
> 

OS 

I—I 
CO 



JZ-W.« 

-30 

sa- 
x& 
.«-   M 

./e 

« 
,« 

« 
XX 

Ü« 

-Si« 

/(+•«> 4 

* s 

e Wm8£M 
?; 

b 

5s £ 
S 5 

»5 a 

v 

4« 

^ 
-v 
:Ei 

4--« 

*• 

\ 

s 
SL 

s 
:s 

M 
id Al Äf *6 3» *> *S 4fi4B 44 SO ÄZ m *S Ü9 #> <LE «# &fi &fl  7J> M Ü  Ü Ü 40 I 

.4*5 

fljft- 

sr 

ID 

.2 10 

Figure s.-conttmecl. Chorod-eristics for the NAOA   4-{%06449   propeller. 

o 

2 o 

F 

M 
CD 

S5 £* 



3 
a 

en 

M ZÜ 
JD 

JM 

J6 

M- ft« 

.22 

£ äJ-ö w 

«2 

-17 

M 

«-L.7 

«-H* • r 

-H» 
.«—a 

Ql-Mo 

—-L. 

•1 ; •' 4- 
-t-T-J- 

J-M. 

i-r 

+4- 

4 

c; 5 m§ 
Si 

T+- 

'% 

X 
ft 

-V-Vr 

H-f irk 

5 ss 
"*-f- 

-t— 

\ 
\ 

IS. 

s 
N 

-t-t- 
+W. 

$ 
22.' &I 

s 

-t-rr 

-t- 

f.2 

J.O 

51 

s s 

« 

>v 

.    - , .B atjgjggLJg a, ,   ,. ,_ , ,     , , , „^ . ,, ,  ,._,._,     . , . ,   „ 
32 312 33nEn3 40 40.44 4£ 48 50 S.t &* £4 Ö M U « « Ö M ?i W W M ÖO 48 A-T° 

( /; M~ 0.700. 
Rgvre ^.-continued. Characteristics for the NACA   +8(06403   propeller. 

in 

8 
> 

I 



s 

Jo 

it 

J6 

JO'S w 

U.tt 

i.*4- 

;jz 

M 

J» 

.M 

fl 

A3 

I.I 

XW--J2 

_. 

:s 

4 at Q.7SR =~Ss t^c«* 5 

f% 

\t- <$> 

\ 

& 

n 
\ 

••*+ 'X 

\ 5 
M tk 

X 
11 

«3f 

0(8» 

w 

iO   32.  3* AS 3£ -fO 42 44 *6 <0 SO' S2  5rf AS M  SO SZ S* £6 dfl   TO   UI   7#   K6   Zfl  M 42 M 
,,,.„ Adnmcm-tfar#f*r nftik>,J 
fJ)M=0-?Z5. 

Figure 5,-concfuded. Characteristics for the NAPA   4ffl06$-Q9   propeller. 

2 o 

tr1 

OS 
IT1 

* 

<3> 



Fig. 6 NACA RM No. L6L19 

/.O 

.8 

/^rope/Zer 

MCA   4-(3)(06.4J-O9 

ASf 

 MC^   4-(3)(Ö6.3)-06 
 A//ICA    4- 308- 045 (reference B) 
 MCA    4- 30&-03   (reference 0 

& 

A<f=0./65 

HAO 

\ 

Q 

M 

<b 

S 
<5 

'$ T 
i 
i 
i jSbSZ? _;-_= 

AJ=0.230 

AÖJ) 
i i 
i i ,____. 

—•*£ 

Arf =0.350 

AO M .9 
,   1 —- Z=Z-^S L*"Z_J ===~ ..  

•ö 
AJ = O.430 

/# '<? '•? 
• 1 

1 
1 ^j, ___ ^  

/ 

V 

• ö 
/W=O530 

a 
NATIC 

JHNITH 
>NAL A 
E£  TOt ;    

DVISOfi 
tEAOMU 
...... i 

Y 
TICS 

O / £. 3 4 S 6 
Ac/rance - cJ/a/r?e/er ra/So, J 

f/gure  Ö .— £~ffect <yf compressi btfffy   on enre/ope 
efficiency. 



NACA RM No. L6L19 Fig. 6 cone. 

/.0 

.3 

Rrope//er 

A/ACA <4-(3)(06.4-)-Q9 
A/'ACA 4~r-(3)(O6.3)-06 
A/A CA 4— 308 - 04-5 (reference £.) 
A/ACA <4- 303-03   (reference!) 

/,<? n.<* T 
i 
i 

i 

3=-— c:— 
T - 

A4 = 0.600 

8 

U 

I 
1) 
\ 

5 t.O 

1 o /•o •? r • 
i 
i 

T — — 

y 
.0 M^o.eso 

1.0 /•Q 9 

. 
r 
t 
r -*• -"" 

T 
i 
i 

/ 
/ 

N. 

.3 
/W=0.675 

/o .9 
1 
I 

i 
i 

s ^_ 

Asf = 0.700 
--"'• 

/.o  1— 
[ 
i 
t 

A4 = O. 725 H, 
COHH 

i 1 

kTIONA 
ITTEE f 

L AOVI SORY 
1HAUTK S 

/ 2 3 4 5 G 
rfc/yanc e — c/fomefer   raf/o^ d 

F~t'gure 6 .—  Conc/udec/. 



.03       .04.       .05      .06 
3/QCte  solidify, <r/& 

Ffgur&   7 . — induced  losses for  two-blade propellers with optimum  loading. 

o 
> 

tr1 

CO 



13 

te- 

ll 

3 

4: 

I 

.7 

0 

frqoe/kr 
-—4//Ä^ 4-&C64)-09 

 MCA 4~30Sh045(nzferenx£) 
 AIJC4 4-308-03 (m&rence /) 

JL. 
T\ 

/ 

0    .2    4    £    .6    JO    12   »    (&   /.ß   £0  28  £4   26   85  30   3£   34   36   30  40 4£   44   46   46   50  5£  54  56~5Ö   60 
Advance-diameter ratio,J 

fc&Fbwer caeflbient, 

fipvre 8 .- /rbngg afpowar coefficient and power coefficient—sat/d/iy refo for efficiencies odor« 86 percent. M-0J65. 

Q 
> 

9 
m 

CD 

3 8 
00 



öS 

64 

ec 

JE 
Prope/ier 

NACA 4-0)06.4)-Ö9 
 NAQA 4-(3)mS-06 
 MACA  4-3Ö8~Ö45?efercrx:e, S) 
 MCA  4-308-03 (reference t) 

V 
T 

/ 
/ 

K 

-f- 

z. 
7* 

^ 

'0    .2     4    .6     ß    iO    12    1.4    t&   1.8   m   22   14   26  28   30   32   34   3&   3ß  40  '42 44- 46   48   J5'52  54-   56  SB   6D 
Advance-diameter ratio, d 

(t^Pawer caefftcfenr-sotolfty ratio. 

Figur« 8 . - Conc/uded. 

l 
> 

9 
tr4 

CO 

CO 



u 
M 
.0 

f.O 

.& 

.6 

-//ACA   4-(3)t06,4-09 
mCA   4-(3){0&$h06 
MAC A   4-30&- 
MCA  4-308- 

•04 5 (reference 
•03  (reference 

2) 
f) 

/A '"^^ 

f N 

X, •- J>T^ V 

•s *- 
* 's s. 

\ 

• 

(a) J-0.Ö. 

NATIONAL ADVISORY 
x COHHTTEER» MMUUTI 

1          1          1 
"> .04       JOQ        ,/2 J6       .2D       .24       .23        32        ,36        .40        .44        <4a       .52 

Power coefficient, Cp 
FtoureQ,— Effect of power coefficient and advance -diameter  ratio on efficiency- 

M- 0.165.   . 

Q 
> 

9 
tr1 

OS 

TO 

CD 



I 

/.o 

.8 

Propeller 
 A/AC A   4~ ®(O6.<£'09 
 A/AC A   4~m06.3>-06 
 A/AC A.   4-30a-Q45Crcfcrence2) 

A/AC A •4-aos- 03 (refc tre/>ce t) 

I, 
if 

**"" r 
1 

\ 
"**   <*«•* 

il \ 
""•*• **«• 

1 "        \ 

1 

-- 

(b) j'/.a. 

NATIONAL AOVWQftV 

11 1 1 
O        .04-       .06       JZ        JÖ      .2.0      .2.4-     .2.3      ,3Z       .36      -40      .4-4       .4 a      .5 a 

Power  coefFfct'mt, Cp 

F/gure 9 .— Conf/'nusd, 

oq * 

or 

> 
O 

F 
OS 



g > a 
> 

flropeJ/&r 
WACA 4-mm/fi-09 
NACA  4-&X0&$hO6 
MCA   4~30a-Q45(refbmnce&) 
\>ACA  4-3Q&-Ö3 (reference/) 

0        .04-       .06       ./£        ,/6       .20       .24      .26      .32 

Power coefficientj Cp 

/y'gvre 9.— Cönt/naeä, 

.+0       A-4-      <4-3      .£2 

o * 

Co 
& 

*1 

s? 



Iß 

.8 

«. 

i' 

o 

Propeller 
- MAC A 4 -&H06.4)- 09 

 —NACA 4-&)06.3)-Ö6 
 MCA «?-303-045(reference£} 
 NfiCA 4-308- 03   (reference f) 

i^is2= SB.-Z- iS=7 

t V? 
*>> 
  

f \ 

1/ 
N 

^ 

1 
1 

(d) J-2.0. 

NATIONAL ADV «HY 

   1 

csmrrm tm MaamtKS 

III 
.04 J08 Jt ,/6        -20        .£4        36        .32 

Power  CoefffcJentj Cp 
£6 40       44 .48 .52 

F/garc 9. - Cönf/nued. 

2 

s 

s 
> 

o * 

CD 



/.o 

ß 

u 

O 

Properer 
-mCA  4-&XÖG4J-Ö9 

  
 WACA  4~(8X0&W-06 
 A/AC A  4-30&-O*S(refytsnce 2) 
 WACA  4-3Ö&-03 fnafaranc«/) 

,— 
Ä: 

y <% zzr 

1 
1 

"* 
1 N 

V. 
\ 

(e; J»£<fc 

NATIONAL ABVBORY 

f It 

cw rrm m Muwncs 

1   IT 
1 X&       ,06        JZ        ,/6       £0        £4-       *2B       32 

Power coefficientjCp 

Figure 9.-Continued* 

£6 /to .44 A8 JSB 

O 
> 

« 

CO 

I 
CD 
CD 



1.0 

& 

o 

o 
o 

Prop&fter- 
-//ACA 4~<3K06A)-Q9 

YACA 4-(3X06Sh06 
w       <«~ /WC/» 4-3öa» 

AMG4   4~30ß- OS 
% (reference 
(reference 

2) 

JSS.' s_-=. 
i 

-=;•» = -r- 

"*~ 
m 

/ 

*«. 

m U«2.d. 

NATIONAL ABV1SOGY 
COWOTTQ F« KKMAimCS 

<04 •Ü8 ./£ J6        .20       .24       .28       .32 

Power  coeff/c/enf, Cp 
AO       A4      ,4& 52 

Figure 9- Concluded. 

s 

> 

25 
o * 

IT
1 

01 
f 



•O 

Q 

.0.3 
it 

QJ 
0 

Q. 
./ 

o 

" 

l ?/W<s ^ *offdityt f crjB 
• 

0.03 

y.06 ^^ 

.--"" 

^ — - 
.03 

NATIONAL ADVISORY 
COMMITTEE FM AEHOIUUTlCS 

1                     i 
^ .6 /£ /.<f «20 2.4 

rfdr&nce - d/a met er ratio ^ J 
2.e> 32. 

Figure  10. - Effect of htode   solidity   and advance-diameter 
ratio   on the  range  of power  coefficient for Munich a 
propeller    of given   solidity   is more    efficient fftan 
the   others- Ari«0*J6S'* 

l 
o 
> 

• 

CO 
V 
CO 

o 



t 
/-/ 

£  -9 
V 

ft: 

.8 

.7 3 

o 60 MAC A 4-(3)(0&4)-09 
0 45 /VACA 4-(3)(06,3)-OÖ 
0 45 A/ACA 4- 303-045 (reference 2) 
* 45 A/ACA 4 - SOS -03 (reference. Q 

  
  

O, "• ti -Q— J 1  ••?a J^~- 
\ 

V 
• \ 

\ 
\ s 

1 NATIONAL ADVISORY 
1 
f 

1 
COMMITTEE FM AERONAUTICS 

1     1 
/# // 

/v*9 

.4 .5 ,6 .7 
77> Aloe/?  number] fA+ 

(a) Variation of n/tj. with Mt 

are H .-Effect of compressibility  on maximum efficiency for approximate 
design  blade angle. 

era 

v> 

Q 
> 

• 

F 
OS 

F 
CO 



hi 

1,0 

c: 
QJ 

"N. 

Si 

§ QJ 

.9 

5> .6 
£ 
^ 

I 

ßo.is$e9 Propeile r 
o    60 A/ACA   4-(3)(06.4)-Q9 
a   45 A/ACA  4-(3)(06.3)-06 
o 45 AtACh   4-3OB-045 (reference £) 

.7 

*   45 A/ACA 4- -303-03   (reference 1) 

=te S—Äw T Q—• 
i 

It     \ 

\! 

\ 
II 

NATIONAL ADVISORY 
COMMITTEE Ft» ttHQMUTICS 

s o 

3 
o 
• 

cs 

CD 

0 ./ -2 .3 ^f .*5 „61 

Free-<sfream    Mach number} Ai 
lb) Variation of f)/n; with   A4'. 

Figure if . — Conducted. 

.7 

oq « 



c 

0 

I.Z 

/J 

AO 

a 

ft: 

.6 

.7 
.2 

-,V4C4 4~(3X06AJ-09 
~/VACA 4-(3X063)-Q6 
-//ACA 4 - 30&- 045-(reference E) 
-/VAC A 4 - S03 -Q3(refere/ice f)Y~, 

3 

f ~yT" 

42A 

NATIONAL ADVISORY 
•COMMITTEE FOf AOKHWUTICS* 

«-£ ,5 jö 7? .8 
T//o Al ach nt/mberf AL 

»9 AO 

F/'gure IB.-" Effect of compressibility on power coefficient ihr 
maximum efficienca af design blade angle and advance- 
diameter     ratio. 

/J 

era 

t 
Q 
> 

g 

CD 



NACA RM No: L6L19 Fig. 13a,, b 

•VT 
c 

.11 

I 
<u 
Q 

/.e 

/A  A/A CA   4—3 OB - 045 (reference 

Prop>e//er 
-//ACA   A- C3X&&4)-09 
-A/AC A   4.-(3X06.3>-06 

W 
-A/ACA    4-- 308-03 (reference, /) 

.o .o .7 .3 
T//0 AJOKA   number,  /i^. 

(a)Average   lift   coefficient for propeller. 

ig 
o 

«5 

/.«; 
•N 

/.C 
 — 

__\ 

^ "^N. 

Aspect- rcyf/o 

v\ K^f 
--- z 

• 5 

Q 
•OO 

v 1 L. p 
---"' 

.<J \ 
\ 

.6 \ 

\ 

,4 \\ 
1 v \ 

.2. 

N 
\ 

NATK) NAL AI )VISOR V 

rt 

CO «H1TT1 

1 
E Ft* t fsoNJur rics 

•5" .7 .& /.O .2 .3 .4 .J .o .s .ö .Ä* Ac 
A4ach   number> A4 

(b)Lift coefficient for  wing   at «- 5° data from  reference 7. 

Figure 13 ,— Effect   of compressibility   on lift coefficient: 



SOIKKJUW» (OUR 41) 

Delano, James B. 

AUTHORIS) 

0-+**.^% ATI- mis 
DIVISION,   Propellers (11) 
SECTION:   Testing (S) 
CROSS RE/ERENCES:    Propellers - Testing (75l|80); 
Compressibility - Aerodynamics (2U.00); Propellers 
Aerodynamics (751*78)  

ORIG. AGENCY NUMBER 

RH-LbLlg . 
REVISION 

AMER. TITLE: xhe effect of high solidity on propeller characteristics at high forward speeds 
from wind tunnel tests of the NACA W3)(06.3)-06 and NACAli-(3)(06.U-O9 two 

FORGN. in   blade propellers 

ORIGINATING AGENCY:   National Advisory Committee for Aeronautics, Washington, D, 
TRANSLATION: 

c 

COUNTRY 

U.S. 
LANGUAGE   FORG'NrUS 

Eng. E DATE 

Feb 'ti.7 

RAGES 

50 
IUUS. FEATURES 

photos, graphs 

t 
ABSTRACT 

Teats of Wo-blade propellers were made with blade angles of from 20° to 70° for free 
stream Mach numbers from 0.165 to 0.725 to determine effects of high solidity and compress- 
ibility on propeller characteristics.    Results showed that these blades were less effi- 
cient than blades of conventional design.    Variation in average blade lift coefficient 
with solidity at constant blade angle and advance-diameter ratio was found to be aijal- 
ogoua to variation of wing lift coefficient with aspect ratio. 

NOTEl    Requests for copies of this report must be addressed tot    N.A.C.A., 
Washington, D. C. 

T-2, HO.. AIR MATERIEL COMMAND Ant Ti ECHNicAi INDEX WRIGHT FIELD, OHIO. USAAF 
wr-o-ti «uut o i 



u a^ccJi: ^7*&4s/Bio/ ^iZ^ZZc2^^e. tr?    S- ? iQtc*^ 1 

/ 

** 

/<?J 


